Although oxidative stress has been shown to induce senescence and replication stress independently, no study has implicated unresolved replication stress as the driver for cellular senescence in response to oxidative stress. Using cells exposed to increasing concentrations of hydrogen peroxide, we show that sub-lethal amount of exogenous hydrogen peroxide induces two waves of DNA damage. The first wave is rapid and transient while the second wave coincides with the cells transition from the S to the G2/M phases of cell cycle. Subsequently, cells enter growth arrest accompanied by the acquisition of senescence-associated characteristics. Furthermore, a p53-dependent decrease in Rad51, which is associated with the formation of DNA segments with chromatin alterations reinforcing senescence, and Lamin B1 that is involved in chromatin remodeling, is observed during the establishment of the senescent phenotype. On the other hand, increase in senescence associated-␤-Gal activity, a classical marker of senescence and HMGA2, a marker of the senescence-associated heterochromatin foci, is shown to be independent of p53. Together, our findings implicate replication stress-induced endogenous DNA damage as the driver for the establishment of cellular senescence upon sub-lethal oxidative stress, and implicate the role of p53 in some but not all hallmarks of the senescent phenotype.
INTRODUCTION
Cellular senescence is defined as a stable cell cycle arrest elicited in response to a variety of stressors. Intense oncogenic signaling, telomere loss, radiation, chemotherapeutic drugs, bacterial toxins and oxidative stress have all been linked to the induction of the senescent phenotype through direct DNA damage or replication stress-induced DNA damage (1) (2) (3) (4) (5) (6) (7) (8) (9) . Interestingly, oxidative stress has been shown to induce cellular senescence (8, 10, 11) and replication stress independently (12, 13) . There is a lack of evidence to implicate replication stress-induced DNA damage as the driver for the initiation of cellular senescence in response to oxidative stress. The acquisition of cellular senescence is a dynamic process in which changes take place over an extended period of time (14) (15) (16) (17) . These changes are necessary for the permanent halt of proliferation, failing which cells might escape from senescence to a pro-oncogenic state (5, 18) . The senescent phenotype is associated with the activation of the tumor suppressor p53 through its phosphorylation at Ser15 residue, which prevents cells carrying genomic lesions from progressing through the cell cycle (19) (20) (21) (22) and the acquisition of persistent DNA damage foci or DNA segments with chromatin alterations reinforcing senescence (DNA-SCARS) (5, 16, 21) . DNA-SCARS contain mediators of the DNA damage response (DDR) such as CHK2 and p53, but lack DNA repair proteins and single-stranded DNA (ssDNA)-binding proteins such as Rad51 and the replication protein A (RPA) (21) . The absence of DNA repair proteins such as Rad51 in DNA-SCARS has led to the proposal that DNA-SCARS formation is due to an ineffective DNA repair process, which is accelerated in cells deficient in DNA repair proteins of the homologous recombination (HR) repair system, such as Rad51 (21) . However, induction of persistent foci and cell growth arrest is insufficient to complete the acquisition of the senescent phenotype. After the estab-lishment of growth arrest, senescent cells undergo extensive changes in chromatin, which contribute to the progression of senescence into a deep senescent state (23) . Among these important changes is the formation of senescenceassociated heterochromatin foci (SAHF), which are regions of highly condensed chromatin structures observed in vitro and in vivo (23) (24) (25) (26) . As SAHF sequesters genes controlling proliferation and cell cycle, SAHF formation is an important step leading to the deepening of the senescent phenotype (23, 26, 27) . Along these lines, an increase in expression of High Mobility Group AT-Hook 2 (HMGA2) is associated with the formation of SAHF (28) . Furthermore, an important chromatin remodeling process during the establishment of cellular senescence is the formation of cytoplasmic chromatin fragments (CCFs). CCFs are heterochromatin structures that are extruded from the nucleus and processed by lysosomes, leading to the general loss of histones in the senescent cells (17) . This extrusion process is facilitated by the disintegration of the nuclear membrane upon the repression of Lamin B1 protein expression, a rapid and early event in the deepening of the cellular senescent state. Lamin B1 downregulation triggers both global and local modifications in chromatin, inducing an extensive chromatin remodeling and consequently enhancing senescent characteristics and deepening of the senescent phenotype (14, 17, 29) . Furthermore, senescent cells secrete cytokines such as interleukin (IL)-6 as part of the senescence-associated secretory phenotype (SASP) (3, 30) .
In the present report, using increasing concentrations of exogenous H 2 O 2 , we demonstrate that replication stressdependent formation of endogenous DNA damage is responsible for the initiation and establishment of the senescent phenotype induced by sub-lethal oxidative stress. Moreover, we show the critical role of p53 in the inhibition of Rad51 and Lamin B1 but not in the increase in senescence-associated ␤-galactosidase (SA-␤-Gal) activity and HMGA2 expression upon the establishment of the senescent state.
MATERIALS AND METHODS

Cell lines and cultures
L6 rat myoblasts were obtained from Dr Larry Fliegel (Department of Biochemistry, University of Alberta, Canada). L6 myoblasts were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 0.25 mg/ml Geneticin (G418 sulfate) and 1 mM Gentamicin Sulfate at 37
• C, with 5% CO 2 in a humidified atmosphere. Human retinal pigmental cells-1 (RPE1-hTERT) cells were grown in DMEM-F12 medium, supplemented with 10% FBS and 1 mM Gentamicin sulfate at 37
• C, with 5% CO 2 in a humidified atmosphere. After 24 h of seeding, the cells were treated with desired H 2 O 2 concentration (Merck-107209) for 1 h and then replenished with fresh media and collected at the respective time intervals as per the experimental requirements. In the case of synchronized condition, after 24 h of seeding, the cells (L6 and RPE1) were treated with 2 mM thymidine for 24 h to synchronize the cells at late G1 phase, followed by H 2 O 2 treatment. L6 cells were also synchronized in G1 using 1 M lovastatin (Merck Millipore #438185) and late G1 phase using 10 M aphidicolin (Merck Millipore #178273). In the case of gene silencing experiments, after 24 h of seeding, the cells were maintained in SiRNA mixture for 6 h and then followed by 24 h of synchronization and 1 h of H 2 O 2 treatment. The cell morphology images were captured using Nikon Eclipse TS100 as per the experimental requirements.
Reagents and chemicals
The chemicals used in the study and the corresponding catalog numbers are: hydrogen peroxide (H 2 O 2 ) (Merck #107209), 1,10-phenanthroline monohydrate (Phen) (Sigma #131377), 4-hydroxy TEMPO (Tempol) (Sigma #176141), MnTMPyP (Calbiochem #475872), thymidine (Sigma #T1895), etoposide (Sigma #E1383), KU55933 (Selleck #S1092) and AZ20 (#S7050).
Crystal violet assay: cell viability
Briefly, after washing with 1× phosphate buffered saline (PBS), cells were stained with 0.5 ml crystal violet solution (0.75% (w/v) crystal violet, 50% (v/v) ethanol, 1.75% (v/v) formaldehyde, 0.25% (w/v) NaCl) for 10 min and then lysed with 1% sodium dodecyl sulphate (SDS)/PBS to solubilize the dye retained in the adherent cells. The absorbance was measured using Spectrafluor Plus spectrofluorometer (TECAN, GmbH, Grödig, Austria) at 595 nm.
SDS-PAGE and western blot analysis
Cell lysates were prepared in radio-immunoprecipitation assay (RIPA) lysis buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM egtazic acid (EGTA), 1% Triton X-100, supplemented with 1 mM Na 3 VO 4 (Sigma, S6508), 1 g/ml leupeptin, 1 g/ml pepstatin A, 1 g/ml aprotinin and 1 mM phenylmethylsulfonyl fluoride (PMSF). Cell lysates were resolved by SDS-PAGE and probed with protein of interest using SuperSignal chemiluminescent substrate (Thermo Scientific, 34080) with Kodak Biomax MR X-ray film or Biorad ChemiDoc™ MP System. For re-probing of the same membrane for the detection of different proteins, membrane was stripped with Restore western blot stripping buffer (Thermo Scientific, 21059). The primary antibodies used: rabbit-␥ H2AX (Ser139) (#2577), rabbit-p-p53 (Ser15) (#9284), rabbit-total p53 (#9282) rabbit-␤-tubulin (#2146) and horseradish peroxidase (HRP)-conjugated goat antirat secondary antibody (#7077) were purchased from Cell Signaling. Rabbit-p16INK4a (#sc-1207) antibody was purchased from Santa Cruz. Mouse-Rad51 (#ab1837), rabbit-Lamin B1 (#ab16048) and rabbit-MPG (#ab155092) were purchased from Abcam. Rabbit-HMGA2 antibody (#GTX100519) was purchased from GeneTex. Mouse-PAR antibody (#ALX-804-220-R100) was purchased from Enzo lifesciences. Mouse-RB (#554136) and mouse-p21 (#ab7960) were purchased from BD Bioscience. Mouse-␤-actin antibody (#A5441) was purchased from Sigma. HRPconjugated goat anti-mouse secondary antibody (#31430) was purchased from Pierce. HRP-conjugated goat antirabbit secondary antibody (#P0448) was purchased from DakoCytomation.
Immunofluorescence assay using confocal microscopy
Cells were seeded on coverslips and were fixed with 4% paraformaldehyde for 30 min at room temperature. After permeabilization with 0.2% TX-100 (Sigma, X100) for 10 min at room temperature, cells were incubated with primary antibody overnight at 4
• C. The primary antibodies used: rabbit-Lamin B1 (#ab16048) was purchased from Abcam; Rabbit-␥ H2AX (Ser139) (#2577), rat-RPA32 (#2208), mouse-Lamin A\C (#4777) and rabbithistone H3 (#4499) were purchased from Cell Signaling; Rabbit-Rad51 (#sc8349), rabbit-PML (#sc-H238) and rabbit anti-53BP1(#sc-22760) were purchased from Santa Cruz; Mouse-␥ H2AX (Ser139) (#05-636) was purchased from Merck millipore. After washing with PBS, cells were incubated with either one of the following secondary tagged antibodies: Rhodamine RedTM-X goat anti-rabbit IgG (#R6394), fluorescein isothiocyanate (FITC) goat antirabbit IgG (#65611), FITC goat anti-mouse IgG (#F2761), FITC goat anti-rat IgG (#A11006) and Hoechst 34580 (Molecular Probes, H21486) for 1 h at room temperature (RT). The images were captured using Zeiss LSM 710 confocal microscope (Carl Zeiss, Jena, Germany) and pictures were analyzed with Carl Zeiss ZEN 2010 software.
Cell cycle analysis and PI staining
The cells were fixed with 90% methanol for 30 min at room temperature. The cells were then stained with 500 l of propidium iodide (PI)/RNaseA staining solution for 40 min at 37
• C. The stained cells were then acquired using FACSCanto II-PE channel to measure the PI intensities. Flow cytometry data were analyzed using Flowing software V 2.5.1 (http://www.flowingsoftware.com) or FlowJo software.
Measurement of senescence-associated SA-␤-Gal activity using C 12 
FDG staining
Senescence-associated ␤-galactosidase (SA-␤-Gal) activity was measured as directed by the nature-protocols, Chainiaux et al. (31) .
RNA interference (RNAi) assay
Cellular transfection of SiRNA was performed using Lipofectamine RNAiMAX (Invitrogen, 13778150) in Opti-MEM reduced serum medium (Invitrogen, 31985070) according to the manufacturer's protocol. SiRNA for p53 and MPG (ON-TARGETplus SMARTpool--Rat TP53 and Rat MPG) were purchased from Dharmacon (Thermo Scientific), and control SiRNA (QIAGEN, Valencia, CA, USA) that is non-homologous to any known gene sequence was used as a negative control.
Neutral comet assay
The neutral comet assay and comet analysis were performed using in-house developed OpenComet V 1.3 software as described previously (32) .
Measurement of rat interleukin-6 (IL-6) using ELISA
The conditioned media in the wells were collected at 72 h post-H 2 O 2 treatment. Rat IL-6 secretion in the media was measured using rat IL-6 enzyme-linked immunosorbent assay (ELISA) kit (Invitrogen, CA, USA) according to manufacturer's protocol.
RNA isolation, reverse transcription and real-time PCR
Total RNA was isolated using RNeasy Mini Kit (Qiagen, #74104) according to the manufacturer's instructions. Reverse transcription was performed using the TaqMan Reverse Transcription Reagents kit (Life technologies, N8080234). Real-time quantitative polymerase chain reaction (PCR) reaction was carried out with SYBRGreen (Applied Biosystems, #4309155), detection using ABI PRISM 7300 (Applied Biosystems). The sequences of the primers used for PCR were as follows: rat p53 (FP:GCTCCCCTGAAGACTGGATAA, RP: ATTAGG TGACCCTGTCGCTG), rat Lamin B1 (FP:AAGGCT CTCTACGAGACCGA, RP: TCCTTCTTAGCATAAT TGAGCAGC), rat RAD 51 (FP:CTGCGAAGTGTGTT TGAGCC, RP:AGCCATTACTGTCTCGCAGC), rat 18S (FP:CATTCGAACGTC TGCCCT, RP:GTTTCTCAGG CTCCCTCTCC). Relative gene expression was obtained after normalization with endogenous 18S and determination of the difference in threshold cycle (C t ) between treated and untreated cells using 2 -C t method (33) .
Chromatin extraction
The chromatin extraction was done as described previously (34) . At the end of required time point, the cells were harvested and the cytosolic protein fraction was extracted by incubation in hypotonic buffer (10 mM hydroxyethyl piperazineethanesulfonic acid (HEPES), pH 7, 50 mM NaCl, 0.3 M sucrose, 0.5% Triton X-100, supplemented with protease inhibitor; Roche) for 15 min on ice and centrifuged at 9000 rpm for 5 min. The obtained supernatant was the cytosolic fraction and was transferred into a new tube. The remaining pellet was re-suspended with nuclear buffer (10 mM HEPES, pH 7, 200 mM NaCl, 1 mM EDTA, 0.5% NP-40 and protease inhibitor cocktail) and incubated on ice for 10 min and then centrifuged at 14 000 rpm for 5 min. The supernatant obtained was the nuclear fraction. The remaining pellet was re-suspended in the chromatin lysis buffer (10 mM HEPES, pH 7, 500 mM NaCl, 1 mM EDTA, 1% NP-40 and protease inhibitor cocktail), sonicated at low amplitude for 30 s and then centrifuged for 5 min at 14000 rpm; the supernatant obtained was the chromatin extract. The total protein concentration in the chromatin extract was determined using Coomassie Plus protein assay reagent (Pierce, Thermo Fisher Scientific Inc, Rockford, IL, USA), according to manufacturer's instructions and then proteins of interest were detected using western blot. (36) . The parameters of the both the plugins were adjusted dynamically as per the images requirements. A total of at least 50 nuclei were counted per treatment and per time point. The data were represented as average number of foci per nucleus. iii) Co-localization finder: the co-localization between RPA32 and 53BP1 foci was found using co-localization finder plugin (http://rsb.info.nih.gov/ij/plugins/ colocalization-finder.html). The respective channel images representing the RPA32 and 53BP1 foci were used to find the overlapping pixels between the two proteins localization at the DNA damage foci and the Pearson's correlation ratio, the masked and overlapping pixels were generated.
Metaphase chromosome spreads preparation
After 12 h of H 2 O 2 treatment, colcemid to a final concentration of 150 ng/ml was added for 4 to 6 h. The cells were then collected and 6 ml of 75 mM KCl (pre-warmed to 37
• C) was added dropwise for first 1 ml, while gently vortexing and then incubated for 16 min at 37
• C. After spinning at 1000 rpm for 10 min, the pellet was re-suspended and 5 ml of fixative (3:1 solution of methanol:glacial acetic acid (freshly prepared)) was added and incubated for 20 min at 4
• C. The fixative step was repeated another two times and after spinning at 1000 rpm for 10 min, the cell pellet was re-suspended with small volume of fixative and then added dropwise onto the slides and allowed to dry overnight. The slides were then stained with Hoechst and the images were captured using Zeiss LSM 710 confocal microscope (Carl Zeiss, Jena, Germany) and pictures were analyzed with Carl Zeiss ZEN 2010 and ImageJ software.
Statistical analysis
Student's t-test was performed when appropriate, using the Microsoft Excel software. The P-value (*P-value < 0.05, **P-value < 0.01, ***P-value < 0.001 and ns--not significant) of <0.05 considered significant. The values represent the average of at least three independent experiments and error bars represent ± SD of the mean.
RESULTS
Sub-lethal oxidative stress induces two waves of DNA damage, growth arrest and senescence-like morphology
Exposure of L6 cells to 25, 50 and 150 M of exogenous H 2 O 2 resulted in a significant increase in ␥ H2AX, 1 h after exposure to the oxidant ( Figure 1A and B). Interestingly, while ␥ H2AX receded to baseline level 6 h after the initial oxidative stress when 25 M H 2 O 2 was used, a second wave of ␥ H2AX between 12 and 24 h was detected in cells exposed to 50 and 150 M H 2 O 2 ( Figure 1A and B). In order to confirm that ␥ H2AX detected using western blot reflected DNA damage, neutral comet assay was performed in cells exposed to 50 M H 2 O 2 . Two peaks of DNA damage were detected at 1 and 12 h following cells' exposure to the oxidant ( Figure 1C and D) . Interestingly, while cells exposed to 25 M H 2 O 2 showed a slight delay in the rate of proliferation following cells' exposure to the oxidant, no significant change in the cells' morphology could be detected up to 72 h after the redox stress ( Figure 1E and F); however, increasing the concentration of H 2 O 2 to 50 M resulted in the inhibition of cells' proliferation, as evidenced by absence of an increase in cell number as well as the acquisition of enlarged and flattened cells, a cell morphology reminiscent of a senescent-like phenotype. Interestingly, inhibition of the first wave of ␥ H2AX using the iron chelator phenanthroline and two reactive oxygen species (ROS) scavengers Tempol and MnTMYp prevented the second increase in ␥ H2AX in cells exposed to 50 M H 2 O 2 compared to control cells (Supplementary Figure S2A) . Furthermore, pre-incubation of the cells with phenanthroline, Tempol or MnTMPyP rescued the cells' growth arrest observed in control cells 72 h after exposure to the sub-lethal oxidative stress (Supplementary Figure S2E ). Taken together, these results support that the first wave of ␥ H2AX is required to drive the onset of the second wave of ␥ H2AX and the cells' growth arrest that follows. On the other hand, 150 M H 2 O 2 induced cell death with apoptotic characteristics such as cell size shrinkage ( Figure 1E and F). Intrigued by the association between the appearance of a second wave of DNA damage and different cell fate, we set out to gain a deeper understanding of the origin of the second wave of DNA damage in cells exposed to 50 M H 2 O 2 and asked if the senescent-like morphology observed reflected a true cellular senescent state.
DNA damage response pathways are activated upon the induction of DNA damage by a sub-lethal oxidative stress
In order to gain a better understanding of the origin of the second wave of DNA damage in cells exposed to 50 M H 2 O 2 , L6 cells were synchronized using lovastatin, aphidicolin or thymidine before the addition of the oxidant. Independent of the approach used to synchronize the cells, a consistent S and G2/M phase extension in response to Figure S1B and D) . Interestingly, note that cell cycle analysis of non-synchronized cells exposed to 50 M H 2 O 2 also showed that the second increase in ␥ H2AX (at 12 h) corresponded to an increase in cells at the late S to G2/M boundary (Supplementary Figure S9A and B) . Moreover, in aphidicolin-synchronized cells exposed to a sub-lethal oxidative stress, detection of cyclin A1, a S-phase cyclin and the detection of cyclin B1, a G2\M cyclin show an overlap between cyclin A1 and cy- clin B expression. Indeed, cyclin A1 is detected up to 14 h and cyclin B1 from 9 to 16 h following cells exposure to the sub-lethal oxidative stress (Supplementary Figure S1E and F). Taken together, these data confirmed that the second increase in ␥ H2AX occurs at the S to G2/M boundary of the cell cycle (Supplementary Figure S1A and C) . To further support DNA damage as the origin of the two waves of ␥ H2AX, detection of the p53-binding protein 1 (53BP1), a well-known DDR factor recruited to nuclear structures at the site of DNA damage and phosphorylation of p53 at ser15 were then assessed in cells exposed to 50 M H 2 O 2 . Similar to the results obtained with the detection of ␥ H2AX, two waves of 53BP1 foci were detected in cells synchronized with the thymidine block technique. The first wave of 53BP1 foci occurred 1 h after the sub-lethal redox stress and the second wave of 53BP1 foci was detected at 10 h after the exposure of the cells to the oxidant (Figure 2D and E) . In addition, two waves of p53 expression and p53 phosphorylation at ser15 were also detected in cells exposed to 50 M H 2 O 2 ( Figure 2F ). Finally, to assess if the ATM-or the ATR-dependent DDR pathways were activated at the time of the second wave of DNA damage, ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3 (ATR) kinases were inhibited before ␥ H2AX and p53 phosphorylation were detected. Figure 3A shows that addition of the ATM inhibitor (KU55933) 3 h after the cells' exposure to H 2 O 2 prevented the increase in ␥ H2AX and p53 phosphorylation at 6, 9 and 12 h after the initial exposure of the cells to the oxidant ( Figure 3A) . On the other hand, addition of the ATR inhibitor (AZ20) 2 h before each time point (6, 9 and 12 h) inhibited only the phosphorylation of p53 but not the increase in ␥ H2AX ( Figure 3B ). As a control for the specificity of the inhibitors, it is shown that phosphorylation of CHK1 (S345) was only inhibited by AZ20 ( Figure 3B ) and not by KU55933 ( Figure 3A) .
The second wave of ␥H2AX in cells exposed to sub-lethal oxidative stress is due to an unresolved replication stress leading to replication forks collapse and the conversion of singlestrand DNA breaks to double-strand DNA breaks Interestingly, irrespective of the methods used to synchronize the cells, the second wave of ␥ H2AX foci consistently corresponded with the cells' transition between the S and the G2/M phases of the cell cycle. Moreover, the overlap of cyclin A1 and cyclin B1 detected in aphidicolinsynchronized cells further supported that the second increase in ␥ H2AX occurred at the late S phase-G2/M boundary suggested that the second wave of DNA damage might have originated in S phase before the cells rolled into G2/M. We, hence, reasoned that the second wave of DNA damage detected in cells exposed to 50 M H 2 O 2 might result from the generation of endogenous DNA damage as a result of unresolved replication stress (9, 19, (37) (38) (39) (40) (41) . The RPA complex is an essential regulator of eukaryotic DNA metabolism. RPA avidly binds to ssDNA through multiple oligonucleotide/oligosaccharide-binding folds and coordinates the recruitment and exchange of genome maintenance factors to regulate DNA replication, recombination and repair. At the time of the second wave of DNA damage, we show a transient recruitment of the replication protein A32 (RPA32) at the chromatin ( Figure 4A and B) . Furthermore, the detection of RPA32 nuclear foci from 4 to 12 h exposure to 50 M H 2 O 2 and the co-localization of RPA32 and 53BP1 (shown by the Pearson's correlation ratio) support the presence of ssDNA and DSB at the time of the detection of the second wave of ␥ H2AX (Figure 4C and D) . Finally, incubation with aphidicolin, a DNA pol␣ inhibitor, after 1 h of H 2 O 2 treatment inhibited the second wave of ␥ H2AX and the subsequent phosphorylation of p53 9 h after the initial oxidative stress. Together, these results provide evidence that the progression of the replication fork is required for the induction of the second wave of ␥ H2AX ( Figure 4E ).
Sub-lethal oxidative stress induces a state of cellular senescence
As shown in Figure 1 , exposure of the cells to sub-lethal oxidative stress was associated with growth arrest and a senescent-like phenotype. Using an NMA that provides a direct and objective way of screening normal, senescent, apoptotic and nuclear irregularities that occur during failed mitosis or mitotic catastrophe, we show that 72 h following exposure to 50 M H 2 O 2 , 25.5% of synchronized cells had a senescent nucleus, 1.4% of the nuclei were apoptotic and 2.6% showed a nucleus characteristic of mitotic catastrophe. Although this analytic tool predicted 69.1% of the cells to have normal nuclei following treatment with 50 M H 2 O 2 , the average area of these nuclei was higher than the nuclei in control cells, indicating transition to the senescent phenotype ( Figure 5A ). Indeed, passage to a senescent phenotype is corroborated by the flat and enlarged morphology of cells at 48 h, 120 h and 15 days after exposure to 50 M H 2 O 2 ( Figure 5B) . Moreover, an increase in acidic SA-␤-Gal activity ( Figure 5C ) and activation of p16-RB ( Figure 5D and E), but not the p21 axis (Supplementary Figure S3A) and secretion of IL-6 ( Figure 5F ), the most prominent cytokine of the SASPs was detected 48 h after the initial oxidative stress.
The cellular senescent state induced by sub-lethal oxidative stress is characterized by the formation of persistent DNA damage foci
Severe or irreparable DNA damage causes cells to senesce with persistent DNA damage foci. These persistent changes precede the establishment of senescence-associated characteristics, including growth arrest (20, 21, 42) and SASP (3, 43) . In order to show that the senescent state induced by sub-lethal oxidative stress is also associated with these changes, the presence of persistent ␥ H2AX and 53BP1 foci at 24, 48 and 72 h after the initial cells exposure to 50 M H 2 O 2 was assessed. Results show that persistent ␥ H2AX and 53BP1 foci were detected in cells exposed to sublethal oxidative stress ( Figure 6A ). Persistent DNA damage foci/DNA-SCARS have been shown to exhibit promyelocytic leukemia (PML) nuclear bodies at their periphery and the absence of DNA repair protein Rad51 (21) . Indeed, Figure 6B shows the co-localization of PML nuclear bodies at the periphery of ␥ H2AX foci 72 h following exposure to the oxidant. In addition, persistent ␥ H2AX foci concomitant with a decrease in Rad51 foci ( Figure 6D-F) and repression of Rad51 expression at the whole chromatin level ( Figure 6C) were detected 72 h after exposure of the cells to H 2 O 2 . . Secreted IL-6 levels in the media were measured at 72 h following the cells exposure to 50 M H 2 O 2 using ELISA. The data shown in (C) and (F) represent the mean of at least three independent experiments and the error represents ± SD. P-value (one-tailed, Student's t-test, *P-value < 0.05, ***P-value < 0.001, ns--not significant) calculation is based on the comparison between the respective time points as indicated in the figures. 
The cellular senescent state induced by sub-lethal oxidative stress is characterized by an increase in HMGA2 expression and formation of CCF-like micronuclei
High-level expression of HMGA2 is sufficient to induce SAHF formation, an important step leading to the deepening of the senescent phenotype, as SAHF sequesters genes controlling proliferation and cell cycle, thus reinforcing permanent cell cycle arrest (26, 28, 44) . As shown in Figure  7A , cells exposure to 50 M H 2 O 2 induces an increase in HMGA2 expression. Furthermore, extrusion of chromatin structures in the form of micronuclei staining positive for ␥ H2AX and Histone H3 were also observed in cells treated with 50 M H 2 O 2 ( Figure 7B-D) . Interestingly, an increase in the chromatin structures observed in the cytoplasm did not stain for 53BP1 (Figure 7E ), but were positive for Lamin A\C ( Figure 7F ), supporting these structures as micronuclei.
Absence of p53 mitigates growth arrest and prevents the decrease in Rad51 and Lamin B1 expression
In the absence of p53, the percentage of cells showing signs of nuclear senescence and morphology, assessed by NMA, decreased significantly ( Figure 8A ) and cell growth arrest was mitigated ( Figure 8B and C) . Silencing p53 also prevented the repression of Rad51 protein ( Figure 9A and B) as well as prevented the repression of Rad51 mRNA (Figure 9C ). In addition, in agreement with the repression of Rad51 expression downstream of the second wave of DNA damage (Supplementary Figure S7A) , inhibition of ATM 3 h after first wave of DNA damage prevented the phosphorylation of p53 and rescue of Rad51 expression at 9 and 12 h post-H 2 O 2 treatment (Supplementary Figure S7B) . Interestingly, absence of p53 did not affect the appearance of the second wave of ␥ H2AX and the S phase delay despite the maintenance of Rad51 expression ( Supplementary Figure S8A and B) . Finally, silencing p53 expression prevented the repression of Lamin B1 protein and mRNA expression observed 6 h after cells exposure to 50 M H 2 O 2 ( Figure  9D-F) and was accompanied by a decrease of Lamin B1 in the perinuclear region at 24 and 48 h ( Figure 9G ). On the other hand, a significant increase in genomic instability, as seen by an increase in micronuclei and aneuploid cells, was detected in p53 null cells exposed to 50 M H 2 O 2 , compared to control cells (Supplementary Figure S4A-D) . Interestingly, the absence of p53 did not have a notable effect on the SA-␤-Gal activity (Supplementary Figure S4E) and HMGA2 expression (Supplementary Figure S4F) .
Two waves of DNA damage followed by cellular senescence are not unique to L6 cells and sub-lethal oxidative stress So far, our results support that endogenous DNA damage is responsible for the induction of cellular senescence in L6 cells exposed to sub-lethal oxidative stress. Supplementary Figure S5A and B shows that similar to what was observed in L6 cells, exposure of synchronized RPE1 cells to sub-lethal oxidative stress induced a prolonged S phase, two waves of DNA damage with the second wave coinciding with the transition between the S and the G2/M phase of the cell cycle (Supplementary Figure S5C and D) , and establishment of cellular senescence detected by an increase in SA-␤-Gal activity (Supplementary Figure S5E) . Finally, supporting that other inducers of DNA damage that do not induce cell death might activate cellular senescence as seen with sub-lethal oxidative stress, we show that exposure of L6 cells to sub-lethal concentration of DNA topoisomerase II inhibitor, etoposide coincided with two waves of DNA damage and the induction of cell growth arrest (Supplementary Figure S6A-C) .
DISCUSSION
The present report shows that exposure of cells to sub-lethal oxidative stress induces two waves of ␥ H2AX and a cellular senescence state that is detected 48 h after the initial oxidative stress. While the formation of DSB is responsible for the two waves of ␥ H2AX, the induction of the senescent state is supported by changes in cells morphology, an increase in SA-␤-Gal activity, establishment of DNA-SCARS, formation of CCF-like micronuclei, activation of the p16-RB axis, an increase in HMGA2 expression as a marker of SAHF and secretion of IL-6 as one of the SASP cytokines.
Origin of the initial wave of ␥H2AX
It is well accepted that H 2 O 2 can react with Fe 2+ leading to base alterations that can lead to DNA damage. The two basic groups of complex DNA damage are DSBs and non-DSB oxidative clustered DNA lesion (OCDL). OCDLs are formed due to closely spaced lesions in the form of abasic sites, oxypyrimidines, oxypurines and single strand breaks (SSBs) (45, 46) . Interestingly, OCDLs can be converted to DSBs during the repair process when both strands are incised simultaneously in close proximity. In particular, activation of the base excision repair (BER) pathway has been shown to convert OCDLs to DSBs (45) . Although in the present report we do not extensively address the nature of the first wave of DNA damage, we propose that similar to what has recently been shown by Sharma and colleagues (45) in DT40 cells exposed to 40 M H 2 O 2 , the first wave of ␥ H2AX detected after the exposure of L6 cells to 50 M H 2 O 2 can be explained by the conversion of OCDLs to DSBs. In support of this proposal, incubation of L6 cells with iron chelators and ROS scavengers prevented the rapid increase in ␥ H2AX and the subsequent second wave of ␥ H2AX after cells exposure to the oxidant (Supplementary Figure S2A and B) . In addition, formation of SSBs is shown by the activation of Poly (ADP-ribose) polymerase (PARP) detected by an increase in Poly (ADP-ribose) (PAR) 1 h after the exposure of cells to 50 M H 2 O 2 (Supplementary Figure S2C) . Finally, silencing N-methylpuridine DNA glycolsylase 1 (MPG1), one of the initiators of the BER pathway, partially reduced the initial H2AX phosphorylation after the cells exposure to 50 M H 2 O 2 (Supplementary Figure S2D) . Partial reduction of the initial ␥ H2AX upon silencing MPG1 also reduced the second wave of phosphorylated H2AX (Supplementary Figure S2D) . Taken together, these results support that the first wave of ␥ H2AX drives the onset of the second wave of ␥ H2AX and the cells' growth arrest that follows. 
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From an exogenous to an endogenous induction of DNA damage
Unlike other DNA damaging agents, H 2 O 2 induces a variety of complex DNA ends including oxidized deoxyribose, DSBs, SSBs and OCDLs that need to be repaired to prevent potential replication stress when cells enter the replicative phase of the cell cycle. Contrary to the DNA damage induced by 25 M H 2 O 2 that was rapid and completely repaired only leading to a slight growth delay, the initial DNA damage induced by 50 M H 2 O 2 was only partially repaired. The partial repair of DNA damage following cells exposure to 50 M H 2 O 2 is first supported by the data showing that ␥ H2AX does not go back to control level before the second wave is detected. Similarly, the number of 53BP1 foci detected in synchronized cells following exposure to 50 M H 2 O 2 stayed slightly higher than in control cells at the time preceding the second wave of ␥ H2AX. Moreover, a delay in S phase is detected in synchronized cells exposed to 50 M H 2 O 2 . Taken together, these data provide testimony that cells entered the S phase of the cell cycle with unrepaired DNA. Furthermore, despite the activation of the DDR pathways (including the ATR and ATM kinases), the inability to resolve the stress resulted in the stalling of the replication fork, replication fork collapse and the formation of DSB. Of note, the detection of RPA32 nuclear foci from 4 to 12 h in cells exposed to 50 M H 2 O 2 and presence of DSBs at the time of the detection of the second wave of ␥ H2AX, as shown by the co-localization of RPA32 and 53BP1, demonstrate that replication fork collapse leading to DSB is the origin of the second wave of ␥ H2AX upon sub-lethal oxidative stress. Furthermore, the second wave of ␥ H2AX in cells exposed to sub-lethal oxidative stress corresponded with the junction between the extended S phase and entry into the G2/M phase of the cell cycle. The extended S phase is in agreement with replication stress and the extended G2/M suggests activation of checkpoints to prevent cells carrying DSB from entering mitosis. The latter is evidenced by the absence of histone H3 phosphorylation at ser10 in cells exposed to H 2 O 2 (Supplementary Figure  S3D) . In addition, the number of cells in metaphase was significantly reduced upon exposure to 50 M H 2 O 2 , compared to untreated cells (Supplementary Figure S3B and C) . Hence, the clear demonstration of a replication stress and absence of mitotic entry as well as the necessity for replication fork progression for the formation of the second wave of ␥ H2AX support that unresolved replication stress led to replication forks collapse.
Sub-lethal oxidative stress induces the formation of DNA-SCARS
Despite the recognition that acquisition of persistent DNA damage foci such as DNA-SCARS is a key feature of the decision to enter cellular senescence (5, 16, 21) , no study has previously linked replication stress-induced DNA damage to DNA-SCARS formation. Formation of DNA-SCARS is accelerated, when the DNA repair proteins are inhibited, leading to an ineffective and incomplete DNA repair process. Rad51 is one such important protein that is absent from the DNA-SCARS structures. Interestingly, upon cells exposure to sub-lethal oxidative stress, we show that the expression of Rad51 is inhibited by p53. Moreover, the decrease in Rad51 resulted in the appearance of ␥ H2AX foci without Rad51. DNA-SCARS also lack ssDNA-binding proteins like RPA, but harbor PML at the site of DNA damage foci. Both characteristics were detected in cells exposed to 50 M H 2 O 2 . Taken together, the existence of 53BP1 and ␥ H2AX foci without Rad51, repression of total RPA32 and chromatin level of RPA32, and localization of PML bodies at the periphery of DNA damage foci are in agreement with the formation of DNA-SCARS in response to 50 M H 2 O 2 .
Sub-lethal oxidative stress and the extrusion of CCF-like micronuclei
Micronuclei structures induced by replication stress inducers contain non-repaired or mis-repaired DSBs (47, 48) . Increased micronuclei structures staining positive for ␥ H2AX and Histone H3 were observed upon treatment with 50 M H 2 O 2 . Interestingly, the increased chromatin structures observed in the cytoplasm did not stain for 53BP1, but were positive for Lamin A\C. These data suggest that the cytoplasmic chromatin structures detected in cells exposed to a sub-lethal redox stress resemble micronuclei, as reported previously (17, 47, 48) .
Sub-lethal oxidative induces a p16-RB-dependent cellular senescence
The p53 target gene, p21, has often been considered critical for establishing senescence, whereas p16 may be more involved in the maintenance of the phenotype (7, 49, 50) . In agreement with the role of p53 in the establishment of senescence by sub-lethal oxidative stress, two peaks of increase in p53 expression and p53 phosphorylation were detected in cells treated with 50 M H 2 O 2 . Moreover, silencing p53 expression mitigated the cells growth arrest and the percentage of cells with senescent nuclei and morphology abnormality. However, the induction of senescence by exogenous H 2 O 2 was not associated with a p53-p21 axis but with a p16-RB axis. It is interesting to note that the accumulation of p16 in tissues is implicated in cellular aging and clearance of p16-positive cells delays aging (51) . Hence, the ability of a sub-lethal oxidative stress to induce a p16-dependent cellular senescence might explain the strong correlation between ROS and the development of an aging phenotype at both the cellular as well as at the organism level (52) .
Senescence induced by sub-lethal oxidative stress requires the activation of p53-Rad51 and p53-Lamin B1 feedback loops There is a plethora of genes activated by p53 that are associated with the establishment of the cellular senescent state (22) . On the other hand, association of the transcriptional repression capacity of p53 and a cellular senescent phenotype is not well documented. In the present report, we show that following cells exposure to sub-lethal oxidative stress, p53 was responsible for the decrease in Rad51 and Lamin B1 expression. Rad51 is a key protein of the HR pathway involved in resolving replication stress (53) . Silencing p53 rescued not only the growth arrest but also the expression Figure 10 . Proposed model of the induction of cellular senescence by a sub-lethal oxidative stress. We propose that the acquisition of cellular senescence following cells' exposure to a sub-lethal oxidative stress occurs in three phases. Phase 1 (1-3 h): upon exposure of cells to a sub-lethal oxidative stress, variety of complex DNA ends including oxidized deoxyriboses, DSBs, SSBs and OCDLs are generated. Phase 2 (4-12 h): despite the presence of unrepaired DNA, cells progress to S phase. Upon the progression to S phase, presence of unrepaired DNA damage induces replication stress. The inability to resolve the stress results in the stalling of the replication fork, replication fork collapse leading to the formation of DSB. At the same time activation of p53 inhibits the transcription of the HR repair protein Rad51 and the nuclear protein Lamin B1. Phase 3 (12-72 h): repression of Rad51 by active p53 is critical for the formation of DNA-SCARS. In addition, reciprocally, DNA-SCARS formation is critical to maintain the low level of p53 activation necessary to maintain cell cycle arrest. On the other hand, aggregation of DSB into micronuclei like structures or the formation of chromatin budding initiated by the unresolved replication stress associated with the p53-dependent repression of Lamin B1 facilitates the translocation of chromatin via micronuclei like structures to the cytoplasm. Furthermore, similar to the p53-Rad51 feedback loop, a feedback mechanism between p53 and Lamin B1 is critical to maintain growth arrest. Following the establishment of the p53-Rad51 and p53-Lamin B1 feedback loops, cells will then enter a deep senescent state, characterized by growth arrest, an increase in SA-␤-Gal activity, activation of a p16-RB axis, establishment of DNA-SCARS, increase in HMGA2 expression as a marker of SAHF, formation of CCF-like micronuclei and secretion of of Rad51 in cells exposed to 50 M H 2 O 2 . Knowing that absence of Rad51 is a characteristic of DNA-SCARS (21), we propose that upon a sub-lethal oxidative stress the repression of Rad51 by active p53 is critical for the formation of DNA-SCARS. In addition, reciprocally, DNA-SCARS formation is critical to maintain the low level of p53 activation necessary to maintain cell cycle arrest in senescent cells (21) . On the other hand, Lamin B1 is a robust and easily detectable marker of senescence. Silencing Lamin B1 affects the proliferation rate of the cells (54) and contributes to chromatin extrusion (14, 17) . Activation of p53 or p16 has been shown to result in loss of Lamin B1 in senescent cells (14, 54) . However, in the present report repression of Lamin B1 expression was observed before the detection of an increase in p16 and the chromatin extrusion. Hence, we propose that in cells exposed to a sub-lethal oxidative stress, aggregation of DSB into micronuclei like structures or the formation of chromatin budding is initiated by the unresolved replication stress, while the p53-dependent repression of Lamin B1 might then facilitate the translocation of chromatin via micronuclei like structures to the cytoplasm. Furthermore, since Lamin B1 downregulation has been shown to activate p53 (54) and the expression of Lamin B1 and p53 levels were constitutively low in cells exposed to sub-lethal oxidative stress, similar to the p53-Rad51 feedback loop, we propose the establishment of a feedback mechanism between p53 and Lamin B1 to be critical to maintain growth arrest. Following the establishment of the p53-Rad51 and p53-Lamin B1 feedback loops, cells will then enter a deep senescent state, a key event to prevent the formation of tumorigenic cells. Indeed, in the absence of p53, cells exposed to 50 M H 2 O 2 showed severe genomic instability, aneuploidy and micronuclei formation (Supplementary Figure  S4B-D) . Interestingly, the absence of p53 did not have a notable effect on the SA-␤-Gal activity and HMGA2 expression compared to control cells. These results suggest that p53-independent pathways might also be important to complete the redox stress-induced senescent phenotype. In particular, it might be interesting to better understand what is activating the formation of SAHF. Regarding the increase in SA-␤-Gal, we have recently shown that sub-lethal oxidative stress increases lysosome biogenesis through a caspase 3/TFEB pathway (55) . It could be interesting to decipher whether the increase in lysosome biogenesis could be linked to the increase in SA-␤-Gal.
CONCLUSION
Our study contributes to the mechanistic understanding of the induction of cellular senescence following cells' exposure to sub-lethal oxidative stress (Figure 10) . Interestingly, the same pathways might be activated upon cells exposure to sub-lethal concentration of chemotherapeutic drug such as etoposide. In addition, evidence from the literature suggest that oncogenic stimuli that do not induce direct DNA damage also mediate senescence via replication stress-induced endogenous DNA damage (56, 57) . Hence, activation of cellular senescence due to the formation of endogenous DSB could be a pathway common to a variety of inducers of cellular senescence. Finally, establishing the role of replication stress induced endogenous DNA damage in the initiation and the establishment of cellular senescence following cells exposure to a sub-lethal oxidative stress is critical for a better understanding of the molecular mechanisms/dynamics involved in the induction of aging and cancer by ROS.
